Full-field strain measurement is implemented in order to detect the time-dependent occurrence and progress of internal damage during tensile creep loading condition for CFRP notched laminates. Employing digital image correlation method, the damage occurrence and increase with accelerated time is in-situ observed, subjected to time-temperature superposition principle, under a creep load condition. The creep load test is interrupted after 1 hour in real time, which corresponds to various accelerated time; the accelerated rate depends on test temperature. Tensile residual strength of the interrupted test specimen is then examined. While the internal damage increases with the creep loading time, the residual strength also increases with time in the range of this study.
Introduction
A long-term durability of composite materials is of importance as the material application fields are spreading. In order to obtain the most fundamental information of the long-term durability, simple mechanical tests using straight specimen have been carried out (1) -(3) . The Simultaneous Fiber Failure (SFF) theory (1) presented by Koyanagi et al enables us to predict time-and temperature-dependent composite strengths in fiber longitudinal direction. The SFF theory needs to know only three strengths of reinforcing fiber, matrix and interface to estimate the composite strength; if time and temperature dependence of them are known, those of composites can be estimated easily. However, when more complex tests are performed, containing cracks and/or notches, the analysis should be more difficult because of the strain gradients around the damage. Time-dependent failure and progress of the damage for the notched composites have not been studied enough.
There have been articles dedicating the static strength of notched composite laminates (4)- (11) . One of the important keys to investigate the strength of the notched composites is observation of the strain gradient considering internal damage which is invisible at the specimen surface. A full-field strain measurement employing digital image correlation (DIC) technique has been done to investigate strain gradient affected by internal damage (4),(5) . This method allows predicting the internal damage progress and ultimate failure behaviors much more precisely than conventional combination of strain gauge and damage detection such as CT scan using interrupted test specimen. Recently, successful failure simulations of the notched specimen have been reported in several articles, considering three-dimensional size-scaling, i.e. size of hole diameter and/or depth and stacking sequence of laminates (9)-(11) , but still limited at static condition.
The present paper aims to investigate long-term reliability of the open-hole composite laminates under a constant load at various test temperatures. Employing the DIC method, time-dependent occurrence or progression of internal damage around the hole is in-situ observed, detected by strain distribution singularity, and the effect of them on ultimate failure strength is discussed. For accelerated testing, test temperature is elevated. The constant load test is interrupted by one hour and the residual strength is examined. A relationship between constant load duration time which is estimated using time-temperature superposition principle and residual strength of the interrupted specimen is investigated.
Experimental procedure

Specimen
In the present study, a rectangular specimen with a center hole is employed. The stacking sequence of this laminate is [0°/45°/-45°/90°]s, a quasi-isotropic laminate consisting of total 8 ply. Reinforcing fiber is T300 (Toray), and matrix is a general epoxy resin. The laminate was fabricated by an autoclave at 120 °C for 2 hours. Figure 1 shows specimen dimensions and geometry and magnified photograph around the center hole. Both surfaces of both specimen ends, GFRP tabs are attached. For the DIC measurement, black and white patterning is made on the specimen surface shown in Fig. 1 . The specimen is relatively thin so that we believe to be able to measure the internal damage by the DIC. Figure 2 show the experimental set-up employed in the present study. The set-up consists of a general tensile testing machine, a heating system, and DIC system. This study investigates time-dependent change of the full-field strain distribution under a constant load; many photographs are taken historically. For the DIC, the center hole is better to be fixed on each photograph. Generally, the constant load generates creep strain. If one crosshead of the testing machine is controlled and another is fixed, the hole position will move with the creep strain. In order to avoid this issue, the original chucking equipment is used as shown in Fig. 2 . By this chucking system, the hole position is kept at the same position independently of the specimen creep strain. Note that specimen load is half of testing load using this chucking method. The specimen including chucking system is heated by a thermostat bath. Images are taken outside of the thermostat bath. We experimentally verified that the temperature distribution in the specimen is negligible in advance of the test. 
Experimental set-up
Basic principle of the DIC method
In two-dimensional digital image correlation, displacements are directly detected from digital images of the surface of an object (specimen). The plane surface of an object is observed usually by a CCD camera with an imaging lens, shown in Fig. 2 . Then, the images on the surface of the object, one before and another after deformation, are recorded, digitized and stored in a computer as digital images. These images are compared to detect displacements by searching a matched point from one image to another. Because it is almost impossible to find the matched point using a single pixel, an area with multiple pixel points (such as 20 × 20 pixels) is used to perform the matching process. This area, usually called subset, has a unique light intensity (gray level) distribution inside the subset itself. The light intensity distribution basically remains unchanged during deformation. Figure 3 shows the part of the digital images before and after deformation. The displacement of the subset on the image before deformation is found in the image after deformation by searching the area of same light intensity distribution with the subset. Once the location of this subset in the deformed image is found, the displacement of this subset can be determined. Strain distribution is then derived from the displacement distribution. In order to perform this process, the surface of the object must have a feature that allows matching the subset. If no feature is observed on the surface of the object, an artificial random pattern must be applied. A typical example of the random pattern on the surface of an object produced by spraying paint is shown in Fig. 1 . 
Test condition
The constant specimen load is 1250N which is 70% of static specimen failure load for this specimen. The duration time subjected to constant load is 1 hour. The test temperature is varied from room temperature 20 °C to 110 °C with each 30°C interval. Only for 110°C test, the duration time is 1 hour and 20 hours. The latter duration is expected to correspond to 135°C for 1 hour by following assumption.
Based on time-temperature superposition principle, test time is accelerated by elevated temperature for the polymeric materials. The accelerated shift log time is given by
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DIC method [unit: pixel] unction properly until 250N of o be a reference image. Figure 5 by the DIC method for the load rious temperatures. For the 20°C and 50°C tests, no drastic change appears between before and after 1 hour constant load duration in strain distribution as shown in Fig.5 (a) and (b) . However, for the 80°C test, a transverse crack, although that has not been verified as transverse crack, seems to appear from the edge of hole to the 45° direction during 1 hour constant load. The similar cracking to the same direction is observed in conventional study (11) at static condition. The diagonal crack-like strain concentration around the open hole is significant for the 110°C and 135°C (correspondence temperature) tests. Also normal strain concentration regarding open hole tip seems to become significant after 1 hour constant load duration. As usual, a transverse cracking of 90° layer first occurs. Due to the sensitivity of the DIC in this study, the transverse cracking is not identified. The load bearing ratio of the 45° is greater than that of 90°, so that the damage in 45° layer might affect more significantly on the specimen surface than that in 90°. Here, the effect of thermal stress mitigation by elevated temperature is mentioned here. For each layer in the quasi isotropic laminate has tensile thermal stress in fiber transverse direction at under fabricated temperature because of the anisotropic property of each layer. The thermal stress is mitigated as temperature increase up to the specimen fabrication temperature. If the strain the transverse crack occurs is assumed to be constant independently of temperature, the transverse crack tends not to occur as temperature increases. However, since time dependent strength decrease in the fiber transverse direction (2),( 3) is more significant than the apparent strength increase due to temperature increase, the transverse cracking occurs at relatively high test temperature as shown in Fig. 5 (d) and (f) .
Strain regarding another direction, i.e. off axis direction, also has similar tendency. The time-dependent change of strain distribution seems to become significant as test temperature increases; however the strain values themselves are small and it is not clear data to discuss deterministically. Thus, while new damage might not occur at relatively low test temperature, some new damage seems to occur or progress at relatively high test temperature during 1 hour constant load condition, as clearly indicated by comparison of Fig. 5 (b) and (f) . In the following section, the correlation between the accumulated damage and residual strength is presented. Figure 6 shows residual strength measurement results. In this figure, x-axis can be replaced by time in logarithmic scale subjected to time temperature superposition principle, and y-axis is nominal stress which is load divided by specimen cross-sectional area assuming no hole. For the results, there is no significant difference when the test temperatures are different up to 110°C while the internal damage progresses during creep load duration. It seems that the residual strength increases after the 135°C creep load duration. These results are surprising as following aspects. Generally, internal damage existing in materials weakens ultimate tensile strength. Even if the ultimate strength is completely governed by the load-directional fiber aligning ply strength and if the fibers are not damaged during the creep loading, the ply strength should be decreasing. The reinforcing carbon fiber is time independent and the fiber/matrix interface is also time independent (2, 3, 12) . The polymer matrix is time dependent; the matrix strength hence decreases with given load history. Therefore, the load-directional fiber aligning ply strength should decreases more or less as time progresses, subjected to the SFF theory (1) . Assuming that matrix strength decrease is negligible, the result that the ultimate strength of the composite laminates remains unchanged is explainable. This result suggests that internal damage do not affect on the ultimate strength significantly in the range of this study. In fact, these residual strengths up to 110°C are completely the same as those of intact specimens. The fact that residual strength increases compared with the intact specimen is difficult to be explained. First of all, if the creep test is continued, the specimen will fail as creep rupture some other day. It should be noted that the increase of residual strength does not happen always. However, the strength does not decrease with the long-term creep loading (4.0x10 Based on the linear viscoelastic theory, stress-concentration factor regarding the open hole is time independent. That is to say, assuming the composite specimen as viscoelastic isotropic material and intact body, the stress at the hole edge where the most severe stress works does not change with time during the constant load test. And when the ultimate tensile test, the stress-concentration factor should be the same on the assumption of no damage. However, this assumption is not applicable to this study because it is obvious to appear some damage during the creep test as shown in Fig. 5 . This study hence suggests the increase mechanism of residual strength as follows. Apparent residual strength is assumed to consist of superposition of time-dependent degradation of material itself and strength enhancement by some unknown mechanisms as shown in Fig. 7 . The time-dependent material strength can be predicted that the strength is constant initially and then start decreasing after some while based on the SFF theory (1) . The strength enhancement is assumed to be significant at initial stage and then constant after some while. The strength enhancement may consist of stress-concentration mitigation due to the internal damage and other unknown factors. Please note the shape of curve is also unknown; this only shows a concept. The apparent residual strength shows hence the increase initially and then decrease as shown in Fig. 7 . It should be noted that this is a qualitative anticipation and not a deterministic discussion. Thus, this study suggests there is a factor causing the strength increase for notched CFRP laminates. For unnotched CFRP specimen, it has been reported the residual strength decreases with creep loading duration (13) . There have been articles presenting strength enhancement after cyclic loading for other material systems, such as ceramic matrix composites and carbon/carbon composites (14, 15) . There is a little number paper in which the strength sometimes enhances after cyclic loading for CFRP (16, 17) . The mechanism of phenomenon is however not discussed enough. An article presents strength recovery mechanism after some loadings by unloading duration, considering a time dependence of interfacial friction (18) .
Residual strength
Even though this mechanism is intended for straight specimen, not for notched specimen, it might be applicable to the result in present study; this is an interesting aspect to be clarified at next step. In near future, a quantitative discussion explaining the strength enhancement mechanism will be done as a subsequent study.
Conclusion
In the present study, a long-term durability of carbon fiber reinforced polymer matrix composite laminate with open hole is examined. In order to accelerate time, the test temperature is elevated during creep load test. Applying digital image correlation method, internal damage occurring and progressing in the specimen is in-situ observed. While time-dependent progress and occurrence of the internal damage is successfully observed, the residual strengths of interrupted test specimen after 1 hour are not weakened. There is a tendency that the residual strength rather increases with creep loading time in the range of this study. This study suggests the long-term durability of the notched specimen is sustainable for usage at room temperature. 
